Introduction
The electrical properties of thin polycrystalline films strongly deviate from the corresponding bulk-single crystalline solid. It is commonly observed that the conductivity of films is reduced mainly due to a decrease of the carriers mean free path [1] . For metallic compounds, the electrical conductivity is closely linked to the electron behaviours. Several mechanisms have to be considered in order to understand the electronic transport phenomena in thin solid films. Electron scattering at the grain boundary prevails and it has to be analyzed taking into account, the crystallite grain size, the direction of grain boundaries compared to the applied electric field (perpendicular or parallel), the thickness of the film, etc. Thus, the electrical properties of metallic polycrystalline materials become even more complex for thin films exhibiting some anisotropic structures such as an oriented columnar architecture [2] . To this aim, various theoretical models were developed to predict the evolution of metallic films conductivity as a function of their microstructure, especially the correlation with the grain size and the thickness of the films [3] [4] [5] [6] [7] [8] . Furthermore, very little is known about the conductivity changes due to a controlled orientation of the columnar structure in thin films [9] . It is even more verified for theoretical models taking into account these special architectures and being able to calculate the transport properties in such anisotropic materials [10] .
The purpose of this paper is to investigate the electrical conductivity of metallic thin films exhibiting an inclined columnar structure. Chromium thin films were sputter deposited implementing the GLancing Angle Deposition (GLAD) method [11, 12] . Three sputtering pressures were used and the incident angle α of the sputtered particles was systematically changed from 0 to 80°. Oriented chromium columns were produced with various column angles β closely linked to the sputtering pressure and incident angle α. At low sputtering pressure (e.g. 0.11 Pa), the mean free path of sputtered particles is large enough to get a ballistic trajectory of the particles impinging on the growing film. On the other hand, a high sputtering pressure (e.g. 0.53 Pa) favours scattering of the sputtered particles and reduces the columnar inclination. As a result, sputtering pressure as well as incident angle α showed a significant influence on the electrical conductivity of the films. Similarly, a theoretical model is proposed and detailed calculations of the electrical transport properties are compared with experimental results.
Theory
In polycrystalline thin films prepared by conventional sputtering, the first zone of the structural zone model proposed by Thornton qualitatively predicts a fine and dense columnar microstructure [13] . Grains are not isotropic in form and the columnar shape (with the column axis normal to the film plane) is commonly met in thin films deposited by evaporation or sputtering. Since such columns generally extend from the substrate to the surface of the film, boundaries and voids between columns have to be taken into account first. In addition, if the crystallite grain size is in the same range of values as the bulk electron mean free path, the column boundaries are the most significant in electron scattering. As a result, it is assumed that the effect of column scattering is dominant whereas the contribution of the grain boundary scattering becomes negligible in the conduction mechanism and is merged in the background scattering. Thus, the Mayadas and Schatzkes model [14] using column-like grain can be extended to polycrystalline columnar structures. Such a model only considers the effect due to the planes perpendicular to the applied electric field. For our oriented thin films composed of tilted columns, the three-dimensional model proposed by Pichard et al. [15] appears as the most satisfying theory. In fact, in their model, boundaries are represented by three arrays of planar potentials perpendicular to the x, y and z axes, respectively (Fig. 1a, b and c). We improved this approach assuming that all columns are inclined with the column angle (°) in the (x, z) plane. The cross-section of each column is assumed as a square with a side D x = D y = D and height D z = d ( Fig. 2) , where d is the film thickness (m). Using the polar coordinates (r, , ) defined in figure 1, the distances L x , L y and L z (m) measured between two successive points of the electron trajectory located on the planar boundaries distributed perpendicular to the x, y and z axes ( Fig. 1 ) are expressed as:
For and direction angles, Pichard et al. [15] assumed as "t", the fraction of electrons transmitted through any planar potential. The total probability "P" that an electron travels a path of length "L" without being scattered may be written as:
where λ is the mean free path of the electrons related to the boundary effect (m), or:
The transmission coefficient "t" through a potential is related to the density of the material "ξ" according to the following relationships:
where "t 0 " is related to the electrons flux impinging on the boundary (planar potential), "A" is a constant depending on the thickness and absorption of the barrier potential (i.e. cross-section of electron absorption by the material), and "ξ 0 " is the density of the bulk material (kg.m -3 ).
Taking into account previous results published by Paik et al. [16] , density "ξ" of oriented thin films produced by GLAD, can be related to the incident angle α of the particles flux by:
where ξ α = 0°i s the density of the film deposited at an incident angle α = 0°(kg.m -3 ) and "c" is a constant, which is proportional to the ratio of the shadowing step height to the column thickness. At first, we suppose that the density of the bulk material is the same as the density of the film deposited at an incident angle α = 0°(i.e. ξ 0 = ξ α = 0°) . Equation (7) becomes:
From equations (4) and (5) and introducing equations (1)-(3) in (5), the mean free path of electrons "λ c -1 " in a column is given by:
and then:
One can define "C( )" as:
For ∈ [0, π/2] and ∈ [0, 2π], the average value of C( ) is:
The angle can take any value in the range [0, 2π]. So C( ) can be replaced in equation (10) and the mean free path becomes:
Since:
( )
Two electrons scattering mechanisms are only assumed, i.e. the isotropic background scattering defined by " 0 " and the column boundary scattering defined by " c ".
The global mean free path "λ" is given by the Matthiessen's rule:
Hence:
Here we define for convenience a grain parameter " ( )" as:
The transmission coefficient t is assumed to vary with the column angle .
So:
Using the Boltzmann equation, when an electric field is applied according to the "x" direction, the film conductivity is found to be [10, 17]
where σ 0 is the electrical conductivity of the bulk material (S m -1 ), and thus:
Because of the symmetry of the function related to π/2, equation (22) becomes:
Assuming u = cos , du = -sin d 2 1
and after integration, the electrical conductivity ratio or the electrical resistivity ratio is finally expressed by:
with "ρ" is the electrical resistivity of the GLAD film (Ω m) and "ρ 0 " the electrical resistivity of the bulk material (Ω m). 
Experimental details

Results and discussion
In agreement with the structural zone model proposed by Thornton [13] , observation by SEM of the cross-section of the films deposited with a perpendicular incidence of the particles flux (α = 0°) exhibits a typical columnar microstructure. As expected, this kind of cross-section morphology corresponds to the first zone of the Thornton's model since the sputtering pressure was 0.11, 0.40 and 0.53 Pa and the substrate temperature was a few tens of the chromium melting point (2173 K). Columns consist of inverted cone-like units capped by domes. Films produced in this first zone appear as a quite dense structure with a column width close to 100 nm. They are more or less separated by voided boundaries that are few nanometres wide. A similar columnar structure was produced for films prepared at sputtering pressures of 0.11, 0.40 and 0.53 Pa (Fig. 3 ). Increasing the incident angle α of the particles flux, oriented columns appear with similar features observed for films deposited with a normal incidence. However, such inclined columns become separated and more visible. A much more porous and fibrous structure can be distinguished as the incident angle α increases and the sputtering pressure reduces down to 0.11 Pa (Fig. 3 ). It is also worth of noticing that the column angle β is influenced by the sputtering pressure. As the incident angle tends to 90°, the column angle β asymptotically reaches 24°for 0.53 Pa whereas β angle tends to 35°f or 0.40 Pa and β tends to 60°for 0.11 Pa (Fig. 4 ). Thus, for both sputtering pressures, β versus well follows the empirical tangent rule (tan α = 2 tan β) up to an incident angle α close to 60°, as commonly observed for several compounds [19] . A good agreement with Tait's model [20] is especially measured for the lowest sputtering pressure. Afterwards, a clear discrepancy is measured, which is even more significant for a high sputtering pressure [24] ). This is commonly observed in polycrystalline thin films and is directly related to the electron mean free path. This latter is strongly influenced by the scattering effects at the grain boundaries and due to the surface/interface roughness [25] .
Since the conductivity exponentially decreases with respect to the number of grain boundaries per mean free path [26] and assuming an enhanced density of films sputter deposited at low pressure [27] , the lowest conductivity measured for the highest sputtering pressure is mainly attributed to a decrease of microstructure defects in the films (grain boundaries, interfaces, voids, disordered atoms, …).
For chromium thin films exhibiting an inclined columnar structure, the evolution of the resistivity ratio ρ/ρ 0 versus the column angle β can be separated in two parts. The first one corresponds to a nearly constant or a slight increase of the ρ/ρ 0 ratio versus β up to a critical value. Afterwards, ratio gains more than one order of magnitude for all sputtering pressures when the column angle β reaches its saturated angle: β = 25°for 0.53 Pa whereas β = 35°for 0.40 Pa (Fig. 4) . However, no saturation of β is observed for the lowest sputtering pressure (0.11 Pa) and β versus α well agrees with the Tait's model. It is also worth of noting that the resistivity ratio ρ/ρ 0 versus β also depends on the sputtering pressure used to deposit chromium thin films. This critical column angle β is again 25°for P Ar = 0.53 Pa whereas it is close to 35°for P Ar = 0.40 Pa. A smooth and rapid increase of ρ/ρ 0 versus column angle β is rather observed for films deposited at 0.11 Pa. In addition, for a given column angle (e.g. β = 20°), σ 300K ≈ 6.0×10 5 S m -1 (ρ 0 /ρ = 13) at P Ar = 0.53 Pa whereas it remains higher than 1.20×10 6 S m -1 (ρ/ρ 0 = 5) at P Ar = 0.40 Pa and close to 3.9×10 6 S m -1 (ρ/ρ 0 = 2) at P Ar = 0.11
Pa. Such a significant difference of conductivity can not be assigned to the column angle since it is the same. Modifications of the packing of the columns induced by the change of the sputtering pressure can not be neglected [27] . Thus, a low sputtering pressure favours a directional flux of the sputtered particles. As previously shown by Mahieu et al. [28] , sputtered atoms incoming from the target and impinging on the growing film can at first, be assumed as a Gaussian distribution. One can suppose that more than 90% of sputtered atoms follow the incident angle α set by the experimental set-up. This ratio certainly reduces down to few tens percent as the argon pressure increases and the distribution of sputtered particles is spread. As a result, scattering phenomenon of the sputtered particles due to argon pressure leads to an effective incident angle. In addition and as pointed out by Fujiwara et al. [22] , the main parameter that controls the columnar formation and angle β is the preferred movement of adatoms due to their momentum and the isotropic surface diffusion. As the sputtering pressure increases, the adsorption of argon gaseous species on the film's surface is favoured.
Thus, the preferred movement of adatoms prevails on isotropic surface diffusion [29, 30] .
Columnar axis deviates from the vapour beam direction towards the films normal and column angle saturates in spite of the incident angle tends to 90°. Therefore, strategy about the choice of the appropriate argon pressure has to be though when depositing oriented columnar structure by sputtering. In order to calculate the electrical resisitivity ratio ρ/ρ 0 versus column angle β with equation (25), the evolution of the film's density ξ as a function of the incident angle α was computed according to equation (7) and taking into account the effect of the sputtering pressure ( Table 1 ). The film's density decreases monotonically with increasing α.
The constant c (proportional to the ratio of the shadowing step height to the column length [16] ) and bulk density ξ 0 have empirically been determined in agreement with earlier simulations [16, 31, 32] and experimental results [9, [33] [34] [35] .
The significant rising of resistivity ratio ρ/ρ 0 measured for a given β angle is in good agreement with previous investigations [36] and an interesting recent study focused on conduction anisotropy in porous thin films. Vick and Brett [37] also observed a rapid decline in the conductivity, accompanied by an increase of conduction anisotropy in the plane of the substrate as a function of the incident angle and consequently, the column angle β. In our study, the Van Der Pauw geometry was implemented. It does not allow probing of the conduction anisotropy without some specific configuration of the contacts [38] since the method is based on reciprocal measurements. As a result, conduction anisotropy can not be brought to the fore with a conventional method. An averaged measurement is rather performed but clearly exhibits a strong dependence with the microstructure and orientation of the columns. It is also confirmed from the theoretical conductivity versus column angle β calculated from our proposed model (Fig. 5) . A good agreement is observed between measured and simulated data. The drop of electrical conductivity is well predicted for all sputtering pressures. Critical column angles β close to 25°for P Ar = 0.53 Pa and 35°for P Ar = 0.40 Pa deduced from observations of the cross-section of the films, are also expected by the proposed model. It is also worth of noticing that the smooth and gradual increase of the calculated resistivity ratio ρ/ρ 0 versus column angle β exhibits a very good agreement with experimental measurements, which supports again the model. Consistency and agreement between calculated and measured conductivity versus column angle β validates the pertinence of our model. In addition, the fall of the observed conductivity for a critical column angle is well predicted by the theory and taking into account the sputtering pressures. It also corroborates that this model can be used to anticipate the role of some sputtering process parameters on the transport properties of metallic films produced by GLAD. This significant increase of the electrical resistivity ratio measured for column angles β close to 55°for P Ar = 0.53 Pa against 30°for P Ar = 0.40 Pa, can be related to some modifications of the films' microstructure. Since no change of the preferred orientation versus column angle was observed (not presented here) and due to a linear increase of the crystallite size (by XRD) from 25 to 45 nm as the incident angle α rises from 0 to 85°, the contribution of disorder and/or organization at the atomic range can not be taken into account to explain the increase of the electrical resistivity in these oriented chromium thin films. One should expect an enhanced rather than a drop of conductivity since crystallites become bigger. On the other hand, an enhancement of a more porous structure is quite favoured as the incident angle α rises [39] . Previous studies devoted to GLAD thin films clearly demonstrated an increase of the porosity (density of the films less than 30 % of the bulk density [12] ), especially for incident angles higher than 70° [40] . It well agrees with our calculated film's density versus α obtained from Paik's law [16] (Table 1) . As a result, this conductivity decline has to be assigned to the enhancement of the electron scattering by surfaces and grain boundaries induced by a much more porous structure promoted as the incident angle α tends to 90°.
It is worth of noting some slight discrepancies between theoretical and experimental values. Due to the good agreement between modelled and measured resistivity ratios, improvements proposed below appear as second order considerations. At first, one can suggest that these discrepancies have to be attributed to accuracy of the conductivity measurements, but also to some starting hypotheses we supposed on the columnar structure in order to simplify the calculations. Beside some bases of the model are restrictive, one can bring some improvements on the description of the structure in order to better predict the electrical properties. Since oriented columns are produced, anisotropy of the structure should be considered [37, 41, 42] . In our proposed model, it is implicitly taken into account since the column angle, the width as well as the length of the columns and especially the direction of the column growth are considered in the calculations. However, our assumptions considered squared columnar sections and an isotropic medium in x and y directions in order to simplify calculations. From Tait et al. [36] , it has been shown that columns tend to exhibit sections with an elongated shape in the direction perpendicular to the plane of incidence of the particles flux (elliptical column shapes) [43] . This phenomenon was neglected and could be integrated in our model (column width D x differs to D y ) so as to consider anisotropic effects due to shadowing effect during thin film growth. In addition, section of the columns is assumed as a constant through the length D z (i.e. D x and D y increases versus thickness of the film). Vanishing of some columns due to shadowing effect is also neglected. It may contribute significantly to the transport properties since electrical conduction strongly depends on the nature and the quality of the film/substrate interface [44] .
Another improvement of the model can be proposed since the vacuum deposition of thin films exhibiting a columnar structure commonly induces perturbations of the surface/interface roughness [25, 45] . It is often more justified for coatings with an oriented columnar architecture. Contribution of the grain boundaries on the electronic scattering is frequently assumed in numerous models focused on the electrical conductivity of thin films [46] [47] [48] [49] [50] [51] [52] . Nevertheless, roughness effects have to be encountered similarly. Such effects can not be omitted whenever the roughness correlation length is comparable or larger than the grain size [25] . Therefore, further investigations in this direction is required in order to also describe surface/interface scattering mechanisms on transport properties of polycrystalline and oriented thin films.
Last but not least, our approach could be even more realistic for metallic thin films assuming the oxidation of the films that certainly occurs as the structure becomes more and more porous. Vick and Brett [37] also suggested the oxidation effect of metallic surfaces as a possible source of errors between theoretical and experimental conductivity in titanium GLAD thin films. Strong reactivity of oxygen toward metals is especially important for elements like Ti, Nb, Zr, … Native oxide layer of few nanometres thickness is formed spontaneously on exposed metallic surfaces. As a result, oxidation of the samples is an unavoidable consequence after the film deposition. The impact of such layer becomes significant for high column angles (i.e. as the porous structure is favoured). Thus, oxidation kinetics have to be taken into account since they depend on the nature of sputtered compound (reactivity of the metallic surfaces toward oxygen), temperature versus conductivity measurements (temperature coefficient of resistance may also be affected [25] ) and architecture of the films.
Conclusions
A simple theoretical model has been proposed to calculate the DC electrical conductivity of metallic thin films exhibiting an inclined columnar structure. The theory presented in this paper has been shown to give good predictions of the films' conductivity as a function of the column angle β. Structural characteristics of the films like column angle, grain and column sizes as well as some process parameters like the sputtering pressure have been taken into account in the development of the analytical model. For a given column angle (critical angle), an abrupt decrease of the conductivity has been computed. Such a critical angle depends on the sputtering pressure involved to deposit the films.
In order to validate the theoretical model, DC electrical conductivity has been measured using the Van Der Pauw configuration for chromium thin films sputter deposited using the GLAD technique. Although some restrictive hypotheses assumed as a starting point in the theoretical approach and in spite of an averaging effect peculiar to the four probes method (anisotropic effect is neglected at first), a good agreement has been noticed between calculated and experimental electrical properties. A systematic change of the incident angle of the particles flux has been performed in order to deposit various oriented columnar structures and using different sputtering pressures. Conductivity measurements also exhibited a critical column angle from which conductivity has been reduced. The predicted shift of the critical angle to higher values has also been observed for experiments as the sputtering pressure increased.
Finally, the presented model is suitable to foresee the evolution of electrical conductivity in oriented metallic films. Geometry and dimensions of the columnar architecture have to be considered similarly to the process parameters so as to predict the transport properties in sculptured thin films produced by GLAD sputtering. Table 1 Bulk density ξ 0 and constant c used to calculate the theoretical film's density ξ (% of the bulk material's density) as a function of the incident angle α for three sputtering pressures according to equation (7) proposed by Paik et al. [16] . 
